Abstract-Power control (PC) techniques have been studied for years with the aim of reducing interference and allowing efficient battery energy management. Among PC algorithms, those based on the signal level (not on cochannel interference) show good characteristics in terms of network stability and provide optimum downlink performance when a half-compensation scheme is used instead of a full-compensation algorithm. This work is concerned with partial (including the full and half cases) compensation signal-level-based PC algorithms and their impact on battery duration of mobile terminals, i.e., the uplink is investigated. A time division multiple access (TDMA)-based cellular system is considered. The effect of a slow PC, i.e., following only slow channel fluctuations, on the average transmitted power of mobile terminals is evaluated through a completely analytical model; both ideal and nonideal PC are considered. Starting from suitable requirements on radio coverage, we show that a half-compensation PC scheme is often a good choice for extending terminal battery life (thus, also reducing health risks).
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I. INTRODUCTION

P
OWER control (PC) is a well-known technique implemented in most cellular networks to provide larger capacities due to its ability to follow channel fluctuations, reduce interference, and minimize energy consumption for mobile terminals (see, e.g., [1] - [3] ).
In this paper, we consider slow PC algorithms; that is, we assume that only slow channel fluctuations, i.e., due to changing path loss and shadowing, are followed by the control, as is usually done in many contexts [4] - [12] .
The different slow PC algorithms considered in the literature can be divided into two classes: those driven by the measured values of useful received power (signal-level-based PC [4] , [5] ) and those based on the measured carrier-to-interference ratio (CIR-based PC-see, e.g., [10] ). It is well known that network instability problems often arise in the latter case [11] , [12] ; this is mainly due to the fact that reacting to the CIR level by modifying the transmitted power determines a change of the CIR experienced by other mobiles, and a consequent modification of their transmitted power, thus introducing potential unstable loops. This work is concerned with the former class. More precisely, the partial compensation ( -compensation) signal-level-based technique [4] is studied, with taking Manuscript received June 13, 1999 ; revised December 1, 2000. This work was performed under contract with CNR-MURST (Progetto 5% "Multimedialità").
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values in the range ; it consists in setting the mobile transmitted power inversely proportional to the th power of the received down-link power. This allows the consideration of important particular cases such as (no PC), (full-compensation PC, leading to fixed useful received power if control is ideal) and (half-compensation PC). In [4] it is shown that in the down link of a TDMA-based cellular system [from the base station (BS), to the mobile station (MS)] values of near reduce the outage probability, defined as the probability that the CIR falls below a specified threshold. The reason for this stands in the consideration that by setting both the carrier and interference powers fluctuate, but their difference (in decibels) has minimum variance. On the contrary, when the carrier power is fixed, but the Interference power varies with double variance, due to the fluctuations of both the transmitted power by the interfering mobile and the path loss of the interfering link [4] .
On the other hand, in the up-link (MS to BS) the optimal value of has to be searched with the aim of minimizing the MS average transmitted power. In fact, by a network management point of view, PC is used in the down-link in order to decrease the outage probability, whereas in the up-link it is mainly used for energy saving purposes. It is worth noting that by minimizing the average mobile transmitted power, a reduction of health risks could also be obtained.
In this work the average power transmitted by MS's in a TDMA-based cellular network with and without -compensation signal-level-based slow PC is analytically evaluated. Both ideal and nonideal PC are considered, and path loss and shadowing are accounted for.
To have a common quality requirement, when changing the PC scheme considered (that is, the value of ), our approach starts from a fixed level of cell coverage: initially, coverage probability is briefly derived in the absence of PC, leading to already known results from the literature [13] ; then, we generalize the analytical approach to take the -Compensation technique into account.
We investigate a single-cell scenario, that is, a noise-limited system: under this assumption, a completely analytical derivation of the optimum value of as a function of propagation parameters can be carried out. The same methodology we apply here could be used to take also cochannel interference into account, that is a multicell scenario, but this would lead to a partially simulative approach and/or to an increased analytical burden; on the other hand, it is worth noting that the consideration of a multicell scenario and a definition of coverage probability based on cochannel interference would have no impact on the results of this paper. In fact, the average 0018-9545/01$10.00 © 2001 IEEE transmitted power (with signal-level-based PC schemes) depends only on the PC implemented and the parameters inside the cell. This will also be discussed in the conclusions.
We show that, starting from the fixed requirement on cell coverage probability, partial compensation PC schemes provide maximization of mobile terminal battery duration due to minimum average transmitted power.
The paper has the following structure.
Section II introduces the analytical framework for evaluation of coverage probability, initially in the well known case of no PC (Section II-A) and then with the -compensation scheme (Section II-B). -
The analytical derivation of the average transmitted power, with -compensation PC, is shown in Section III. -Numerical results and conclusions are presented in Sections IV and V. From the analytical point of view, the original contributions of the work lie in Section II-B and in the following sections.
II. ANALYTICAL EVALUATION OF THE COVERAGE PROBABILITY, WITH AND WITHOUT PC
Since we want to fix a specified requirement on coverage, as a first step we introduce the analytical framework to evaluate the cell coverage probability.
Let us consider a cell whose radius is : the base station is assumed to be in the center of the cell;
are the polar coordinates of a generic MS ( is the link distance), that we assume to be uniformly distributed in the cell. Therefore, the probability density function of is for and 0 elsewhere, and is uniformly distributed in . Let us also denote by the normalized link distance . In mobile radio systems, the power received by a base on a link is usually modeled by means of three separate components: path loss (dependent on link distance ), fading (with correlation distance of a few wavelengths or less) and shadowing (with much larger correlation distance). Time variations depend on mobile speed [13] .
Due to the assumption of slow PC, we are interested in modeling the received up-link power, , from a given mobile, averaged over the rapidly varying fading.
In this work, path loss is assumed to be proportional to , where usually ranges between two and four. The up-link received power can be written as (1) where the transmitted power; a constant which depends on antenna gains, the wavelength and the cell radius; a log-normal random variable (r.v.) representing the impact of shadowing, with standard deviation of the associated Gaussian random variable (r.v.) equal to ( is a Gaussian r.v. with standard deviation ) [14] . The mean value of is zero.
Therefore, given , is a Gaussian r.v. with variance and mean value (2) where and . Let us define cell coverage probability as the probability that received power is above a specified threshold: let be the minimum received power (and ) to have a certain quality of service; the coverage probability at a given normalized distance , , is given by [13] erfc (3) where erfc is the complementary error function. Hence, the coverage probability averaged over the entire cell is ( represents expectation of with respect to ) given by erfc erfc (4)
A. Without PC
In the absence of PC, the transmitted power is fixed to a value that we denote by ; we also introduce
In this case, has the following expression:
where represents the decibel power margin at the cell edge that has to be introduced to limit the outage probability. In [13] a closed form for (5) is shown from which we obtain erf erfc (6) where and erf erfc .
The previous expression represents a relation between the desired level of coverage and the transmitted power through the margin : when , and are fixed, it is possible to obtain the margin and (7) It is worth noting that depends only on the ratios and . In Fig. 1 , the ratio versus is shown for different values of . The figure highlights that, once the coverage probability and the ratio are fixed, is proportional to (since is then determined).
B. With PC
Now, we generalize the previous approach to the case of -compensation up-link signal-level-based PC.
In this case, the mobile transmitted power is, in ideal conditions, inversely proportional to the th power of the received down-link power [4] ; we assume that due to averaging over fading, for a given link it equals the received up-link power, given by (1). Nonideal PC is taken into account by means of a residual log-normal r.v. with standard deviation of the associated Gaussian r.v. equal to and unitary median value; for ideal PC. Normally, the PC is not ideal owing to errors in the measurement of the received power, which are assumed to be Gaussian distributed. So, mobile transmitted power can be written as (8) where is a suitable constant to be fixed according to coverage requirements; from (1), the received power at the base is given by (9) where and . is a log-normally distributed r.v. with variance and mean equal to zero (see Appendix A). Hence, we have (10) where . In this case, we obtain the following expression for coverage probability averaged over the cell:
where . Recalling (5) and (6), this gives erf erfc (12) Equation (12) is formally identical to (6), except for the substitution of , and with , and . Therefore, when , , and are fixed, it is possible to obtain the margin through Fig. 1 , by substituting and with and , respectively. Hence, a relationship between the desired level of coverage and the value of to be fixed is obtained, through (see next section). Once the coverage probability and the ratio are fixed, is proportional to .
III. ANALYTICAL EVALUATION OF THE AVERAGE TRANSMITTED POWER
Now, the value of , obtained by fixing the coverage probability to a given requirement, can be used as an input for suitable choice of the constant introduced in expression (8). Then, we evaluate the average transmitted power as a function of and compare it to the case of no PC ( ), where is fixed to fulfill the same requirement on coverage probability.
From the definition of we have (13) Hence, the transmitted power given by (8) becomes (14) Fig . 2 shows the mean (with respect to ) value of as a function of with and fixed, , and 0.5 and some values of ; and are fixed to one as a reference. Let us note that, due to our starting assumption of a common requirement in terms of coverage, when changing the PC strategy ( , ) different levels of power have to be transmitted when fixed the normalized distance. On the other hand, it is worth noting that, in the case with ideal PC ( ), different levels of determine the same value of for a given . In this case, in fact, the coverage is guaranteed on the whole cell (and shadowing is completely avoided), but at the expense of a large average transmitted power as will be shown in the numerical results.
We can evaluate the average transmitted power by averaging over , , and . Since , and are statistically independent r.v.s, we have where and the averages with respect to and are determined in Appendix A. With the aim of showing the advantage of using PC in terms of average transmitted power with respect to the case of no PC, we introduce the ratio between the average transmitted power in the case of PC and the (constant) transmitted power in the absence of PC that has to be chosen for the same given requirement in terms of coverage probability We have highlighted above that the same linear function relates to and to . As a consequence, we find
Hence, we finally obtain
represents the averaged transmitted power reduction with PC, with respect to the absence of PC, having fixed the cell coverage requirements. Equation (19) gives for and (no PC case). Let us note that, when , the case should not be considered, since in those conditions expression (8) has no practical sense.
By solving the equation it is possible to obtain the optimal value of , that is, that one which minimizes (see Appendix B).
Another figure that can be useful for the comprehension of the results shown below is the ratio, , between the average transmitted power in the case of PC conditioned to the normalized distance and the (constant) transmitted power in the absence of PC (when fixed the requirement in terms of coverage Fig. 3 . The average power reduction B versus compensation factor a with = 3; ideal PC ( = 0). Circles are for = 6, triangles are for = 9 and diamonds are for = 12. P = 90%. probability); in other words, represents the averaged transmitted power reduction with PC, with respect to the absence of PC, at a given distance . This figure is useful in order to understand how the average reduction represented by is distributed when varying .
In the case of , the averages to be performed are those related to the shadowing processes and , not to . Hence, we can write 
By fixing
, , and , from Fig. 1 the margin can be found and, then the average power reduction is derived from (19). By plotting as a function of the compensation factor , we can determine the optimum PC strategy in terms of average transmitted power. Table I shows some of the values of obtained from Fig. 1 and used afterwards. In Fig. 3 is plotted for , with , for different values of : ideal PC is considered. The minimum of is found with taking values in the interval from 0.4 to 0.8, depending on . Let us note that ranges from 0.4 to more than 1 (with full compensation PC), that is, a wrong choice of (close to unity), for some values of , can determine an increased average transmitted power with respect to the case without PC. The reason for this can be found in the consideration that with full compensation PC the transmitted power is very large when signal fluctuations cause low values of received power, and this is more likely for large . On the other hand, it is also worth noting that for , regardless of the value of , is less than one half, that is, the half compensation PC scheme provides halved average transmitted power (double length of battery duration) with respect to the case (no PC). A full compensation scheme ( ) can also provide values of around 0.5, but only for small . Hence, if the value of is not known, the half compensation PC scheme represents a good choice, even though it might not be the optimum one.
Let us now investigate the impact of the error on the estimate of path loss. Fig. 4 refers to the case of nonideal PC, and is plotted against with the same parameters as in Fig. 3 but for . The values of are slightly larger than in the ideal case. On the other hand, for , regardless of the value of , still provides values close to the minimum. Fig. 5 shows the values of against the ratio , for , and with as a parameter. In Fig. 6 , where is fixed to 8 and , different values of are considered, both in the ideal and nonideal PC case. Let us note that the optimum value of is much more sensitive to than to .
To sum up, in most cases the half compensation PC scheme provides performance close to the optimum, and allows average energy savings in the order of 20-50% with respect to the full compensation scheme. However, an interesting question is whether this reduction of average transmitted power is found at all distances. To give an answer, in Fig. 7 we show as a function of , for , , , , and taking values 0, 0.5, 1: we note that the half-compensation scheme provides some benefits at all distances, since is below unity whatever .
V. CONCLUSION
In this work, the average transmitted power from a mobile uniformly distributed in a cell of a TDMA-based cellular system implementing a signal-level-based PC algorithm, has been evaluated through analytical derivation.
Results in terms of outage probability were already known from the literature, showing that in the downlink optimum performance is obtained with a half-compensation scheme.
In this paper, we have shown that a half-compensation scheme also introduces some advantages in the up-link in terms of average transmitted power: in fact, it halves the amount of energy required to keep the coverage probability at a given level with respect to the case of no PC. Moreover, half compensation introduces an advantage with respect to full compensation, too, in the order of 20-50%, depending on whether the PC is ideal or not and the variance of shadowing.
A further improvement in the analysis of coverage could be introduced by investigating a multicell environment; that is, by considering interference, but the amount of analytical burden would increase significantly and this would have no impact on the results of this paper. In fact, in mobile radio communications, two kinds of outage are commonly considered [15] : one due to thermal noise (assuming a single-cell scenario) and the other due to cochannel interference (neglecting thermal noise). While the first allows the definition of the cell radius or, equivalently, the transmitted power to cover a given area, the latter determines the cochannel reuse factor. In this perspective, scaling all users' transmitted power levels ( ) does not influence the outage due to cochannel interference. Incidentally, let us note that the analysis of interference limited environments [4] , [5] , [16] has shown that partial compensation power control decreases the outage in a multicell scenario. So, partial compensating path loss gives a reduction of both energy consumption and outage due to interference (not considered in this paper). APPENDIX A Given two independent log-normal r.v.'s, and , the product is also a log-normal variable. In 1999, he joined the Consorzio Nazionale Interuniversitario per le Telecomunicazioni (CNIT) at the Research Unit of the University of Bologna, working on the design of a DSP-based CDMA satellite modem within the project "Integration of Multimedia Services on Heterogeneous Satellite Networks." His research interests include mobile radio resource management, frequency hopping, coding on faded MIMO channel, nonlinear effects on CDMA, and digital signal processing.
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